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Two  separate  physical  hydraulic  model  investigations  concerning  the 
proposed  Burlington  flood-control  project  are  reported  herein.  The  first 
investigation  us~d  a  l:80-scale  general  model  of  the  spillway  and  outlet  works 
with  stilling  basins  and  common  embankment  to  verify  the  adequacy  of  design  and 
to  develop  necessary  modifications.  The  second  study  used  a  l:25-scale  outlet 
works  model  to  allow  detailed  evaluation  and  modification  of  various  outlet 
works  components.  Significant  modifications  were  made  to  both  the  spillway  and 
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PREFACE 


The  model  investigation  reported  herein  was  authorized  by  the  Office, 
Chief  of  Engineers  (OCE) ,  US  Army,  on  30  October  1978  at  the  request  of  the 
US  Army  Engineer  District,  St.  Paul  (NCS) .  The  studies  were  conducted  by 
personnel  of  the  Hydraulics  Laboratory,  US  Army  Engineer  Waterways  Experiment 
Station  (WES),  during  the  period  June  1979  to  July  1981.  All  studies  were 
conducted  under  the  direction  of  Messrs.  H.  B.  Simmons  and  F.  A. 

Herrmann,  Jr.,  former  and  present  Chiefs  of  the  Hydraulics  Laboratory,  and 
J.  L.  Grace,  Jr.,  Chief  of  the  Hydraulic  Structures  Division.  The  tests  were 
conducted  by  Messrs.  J.  V.  Markussen,  R.  Bryant,  Jr.,  R.  Davidson,  and 

J.  Rucker,  under  the  supervision  of  Mr.  N.  R.  Oswalt,  Chief  of  the  Spillways 
and  Channels  Branch.  This  report  was  prepared  by  Mr.  Markussen  and  edited  by 
Mrs.  Beth  F.  Burris,  Publications  and  Graphic  Arts  Division. 

Messrs.  T.  Munsey  of  OCE,  J.  F.  Ordonez  of  North  Central  Division,  and 

K.  Johnson,  E.  Eaton,  and  J.  Murphy  of  NCS  visited  WES  during  the  study  to 
discuss  test  results  and  to  correlate  these  results  with  concurrent  design 
work. 

Director  of  WES  was  COL  Allen  F.  Grum,  USA.  Technical  Director  was 
Dr.  Robert  W.  Whalin. 
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BURLINGTON  SPILLWAY  AND  OUTLET  WORKS 
SOURIS  RIVER,  NORTH  DAKOTA 


PART  I:  INTRODUCTION 


The  Protot} 


1.  The  Burlington  flood-control  project  will  be  located  on  the  Souris 
River  approximately  2  river  miles*  downstream  from  the  city  of  Burlington  and 
6  river  miles  upstream  of  Minot  (Figure  1).  The  project  will  consist  of  an 
overflow  spillway,  outlet  works,  and  earthen  embankment.  The  top  of  the 
embankment  will  be  approximately  70  ft  above  the  valley  floor  at  el  1630,** 
with  the  spillway  and  outlet  works  located  near  the  left  bank  when  looking 
downstream  (Plate  1).  The  ogee  spillway  will  consist  of  three  43-ft-wide  by 
21-ft-high  tainter  gates  supported  by  two  8-ft-wide  piers  totaling  a  gross 
width  of  145  ft.  The  spillway  is  designed  to  pass  approximately  78  percent 
of  the  probable  maximum  flood  (PMF)  of  60,300  cfs  at  the  design  head  of  25  ft 
(pool  el  1625)  and  to  operate  only  in  the  free-flow  regime. 

2.  Tvpical  reservoir  releases  will  be  regulated  by  the  gated  outlet 
works  structure  located  approximately  150  ft  riverward  of  the  overflow  spill¬ 
way.  The  outlet  works  structure  consists  of  a  low-flow  water  quality  with¬ 
drawal  facility  and  high-capacity  flood-control  facility.  Both  facilities 
are  designed  to  be  operated  independently  but  share  the  same  service  gates 
and  conduits  for  transporting  the  flow  downstream.  The  water  quality  with¬ 
drawal  facility  has  a  design  discharge  of  700  cfs,  whereas  the  flood-control 
facility  was  designed  to  pass  approximately  3,480  cfs  (22  percent  of  the  PMF 
or  17,400  cfs)  for  the  design  head  on  the  center  of  the  gate  of  62.5  ft  (pool 
el  1625).  The  water  quality  withdrawal  facility  is  located  in  the  upstream 
face  of  the  intake  tower  and  is  designed  to  release  flow  from  the  reservoir 
between  el  1592  to  1620  by  varying  the  elevation  of  the  8-ft-square 


*  A  table  of  factors  for  converting  non-Sl  units  of  measurement  to  SI 
(metric)  units  is  provided  on  page  3. 

**  All  elevations  (el)  cited  herein  are  in  feet  referred  to  the  National 
Geodetic  Vertical  Datum  (NGVD) . 
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multilevel  intakes  or  apertures.  Flow  entering  a  given  aperture  is  passed 
downstream  through  independent  wet  wells,  service  gates,  and  conduits.  The 
three  independent  conduits  are  15  ft  high  by  11.25  ft  wide  by  300  ft  long. 

3.  During  water  quality  releases,  the  emergency  gate  is  closed  thereby 
blocking  the  flood-control  facility,  whereas  during  flood-control  releases 
the  emergency  gate  is  open,  closing  off  the  water  quality  withdrawal  facil¬ 
ity.  Regardless  of  the  mode  of  operation,  all  flows  are  controlled  by  the 
service  gate. 

Purpose  for  the  Model  Study 

4.  The  model  study  was  considered  necessary  to  verify  the  adequacy  of 
and  develop  desirable  modifications  to  the  spillway,  outlet  works,  and 
embankments.  The  study  was  conducted  to  evaluate  the  performance  of  the 
spillway  and  outlet  works  and  attached  stilling  basins,  determine  a  satis¬ 
factory  approach  and  exit  design,  and  develop  an  adequate  design  of  riprap 
protection.  Flow  patterns  near  the  embankment  resulting  from  normal 
operations  of  the  spillway  and  outlet  works  were  also  determined. 


v-v-v-v-:-' 
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PART  II:  THE  MODEL  AND  TEST  PROCEDURES 


Description 


5.  Two  models  were  used  to  conduct  the  study.  The  1: 80-scale  model 
reproduced  a  4 ,000-f t-long  by  1 ,600-f t-wide  area  comprising  1,600  ft  of  the 
approach  and  2,400  ft  of  the  exit  area.  The  l:25-scale  model  of  the  outlet 
works  reproduced  a  1 ,600-ft-long  by  500-ft-wide  area  comprising  600  ft  of  the 
approach  and  1,000  ft  of  the  exit  area.  The  model  limits  are  identified  in 
Plate  1.  The  spillways  were  constructed  of  sheet  metal  and  marine  board,  and 
the  outlet  works  and  conduit  were  constructed  of  transparent  plastic.  The 
stilling  basins,  baffle  blocks,  and  end  sills  were  constructed  of  marine 
board.  The  embankment  and  approach  and  exit  areas  were  molded  to  sheet-metal 
templates  with  cement  mortar  and  given  a  brushed  finish.  The  exit  channel 
and  toe  of  the  embankment  in  the  l:80-scale  model  were  molded  of  sand  in 
order  to  study  the  potential  for  scour.  Views  of  the  approach  and  exit  areas 
to  the  models  are  shown  in  Photos  1-4. 


Model  Appurtenances 


6.  Water  used  in  the  operation  of  the  models  was  supplied  by  pumps, 
and  the  discharges  were  measured  by  venturi  meters.  Steel  rails  set  to  grade 
provided  reference  planes  for  measuring  devices.  Water-surface  elevations 
were  obtained  by  means  of  point  gages.  Velocities  were  measured  with  a  pitot 
tube  and  by  stopwatch  for  timing  the  movement  of  flotage  and  dye  over  mea¬ 
sured  distances.  Current  patterns  were  determined  by  observing  the  movement 
iif  dye  injected  into  the  water  and  confetti  sprinkled  on  the  water  surface. 
Piezometers  wer^  installed  throughout  the  intake  structure  and  conduit  to 
measure  pressures. 

7.  Riprap  was  reproduced  in  the  mode]  using  crushed  limestone  with  a 
spec  i  f i c  weight  of  !b5  pcf.  The  limestone  was  sieved  into  sizes  ranging  from 
0.1']  in.  f Mo .  4  sieve)  to  1  in.  and  mixed  to  represent  the  various  prototype 
gradations.  The  riprap  was  tested  in  the  model  on  nylon  cloth  used  to 
represent  a  filter  blanket. 


_  "•  *»  *  m  *'  * w  .  , 


Design  Considerations 


8.  In  the  design  of  the  models,  geometric  similitude  was  preserved 
between  model  and  prototype  by  means  of  undistorted  scale  ratio.  The 
accepted  equations  of  hydraulic  similitude,  based  on  the  Froudian  relations, 
were  used  to  express  the  mathematical  relation  between  the  dimensional  and 
hydraulic  quantities  of  the  model  and  the  prototype. 

9.  A  valid  study  of  flow  conditions  in  the  outlet  works  required  an 
accurate  simulation  of  the  prototype  hydraulic  grade  line  in  the  model.  If 
water  is  the  fluid  in  the  prototype,  it  is  not  possible  to  satisfy  the 
similitude  requirements  of  both  the  Reynolds  and  Froude  criteria.  Since 
hydraulic  similitude  between  the  model  and  prototype  is  based  on  Froudian 
relations,  the  Reynolds  number  of  the  design  flow  in  the  model  will  be  lower 
than  that  of  the  prototype.  This  will  result  in  a  larger  resistance  coef¬ 
ficient  in  the  model  than  that  expected  in  the  prototype.  The  excess  losses 
in  the  model  would  normally  be  compensated  for  by  constructing  a  shorter 
length  of  model  conduit.  Usually  reproducing  about  60  percent  of  the  full 
conduit  length  is  appropriate  when  accounting  for  these  frictional  differ¬ 
ences.  Unfortunately,  shortening  the  outlet  works  conduit  in  this  model 
would  change  the  stilling  basin  location  and  prevent  accurate  simulation  of 
the  downstream  flow  patterns  during  combined  releases  of  the  spillway  and 
outlet  works.  Instead,  the  full  length  of  conduit  was  reproduced  and  a 
supplemental  slope  was  added  to  the  conduit  to  account  for  the  frictional 
difference  between  the  prototype  and  model.  The  head  loss,  h^  (in  ft),  of 
both  the  model  and  the  prototype  were  computed  using  the  Darcy-We isbach 
equation 


h 


f 


f 


L  V 


2 


D  2g 


where 

f  =  resistance  factor  obtained  from  the  Moody  diagram,  dimensionless 
L  =  conduit  length,  ft 

D  =  equivalent  diameter  equal  to  four  times  the  hydraulic  radius  of 
the  noncircular  conduit,  ft 

V  =  velocity,  fps 
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The  prototype  head  loss  was  computed  for  smooth  pipe  and  for  an  effective 
roughness,  kg  ,  of  0.003  (rough  assumption  from  HDC  Sheet  224-1*)  to  provide 
a  lower  and  upper  bound  of  head  loss  between  which  the  actual  head  loss  of 
the  prototype  conduit  can  be  expected. 


Scale  Relations 


10.  General  relations  for  transfer  of  the  model  data  to  prototype 
equivalents  are  presented  in  the  following  tabulation: 


Dimension 

Ratio 

Scale 

Relation 

Length 

L 

r 

1:25 

1:80 

T  ime 

T 

L1/2 

1:5 

1:8.94 

r 

r 

Velocity 

V 

Ll/2 

1:5 

1:8.94 

r 

r 

Discharge 

^r 

= 

l5/2 

r 

1:3,125 

1:57,243.34 

Pressure 

P 

S 

L 

1:25 

1:80 

r 

r 

Roughness 

N 

T* 

» 

L1/6 

T 

1:1.71 

1:2.08 

(Manning’s  n) 


11.  Model  measurements  of  each  dimension  or  variable  can  be  trans¬ 
ferred  quantitatively  to  prototype  equivalents  by  means  of  the  preceding 
scale  relations. 


Test  Procedure 


12.  Tests  pertinent  to  the  general  approach  and  exit  flow  conditions 
to  spillway  and  outlet  works  were  conducted  in  the  l:80-scale  model.  This 
model  also  provided  a  qualitative  method  of  determining  the  extent  of  riprap 
protection  required  to  stabilize  the  exit  channel.  The  resulting  design 
established  in  the  1: 80-scale  model  was  then  checked,  and  where  necessary, 
modified  in  the  l:25-scale  model.  Tests  pertinent  to  the  operation  of  the 
outlet  works,  performance  of  the  stilling  basins,  and  sizing  of  the  riprap 
protection  were  conducted  in  the  1: 25-scale  model. 


*  US  Army,  Corps  of  Engineers,  "Hydraulic  Design  Criteria,"  prepared  for 
Office,  Chief  of  Engineers,  by  US  Army  Engineer  Waterways  Experiment 
Station,  Vicksburg,  Miss.,  issued  serially  since  1952. 


Presentation  of  Data 


13.  The  data  are  provided  through  a  series  of  figures,  photographs, 
and  plates.  An  explanation  of  the  test  procedure  and  discussion  of  results 
are  provided  in  the  text.  Recommended  modifications  to  the  original  design 
are  provided  herein. 


PART  III:  TESTS  AND  RESULTS 


I  Approach  Design 

* 
i 
i 

14.  Tests  were  conducted  in  the  l:80-scale  model  to  optimize  the 
approach  to  the  spillway  and  outlet  works  for  the  PMF  condition.  The  orig¬ 
inal  approach,  shown  in  Plates  1  and  2,  was  comprised  of  straight  walls 
angled  approximately  45  deg  from  the  spillway  center  line  and  parallel  to  the 
conduit  center  line  for  the  outlet  works.  Flow  lines  in  the  reservoir  were 
satisfactory  except  in  the  immediate  area  of  the  spillway  and  outlet  works. 
The  straight  approach  walls  were  inefficient  in  transitioning  the  flow  from 
the  reservoir  into  the  structures.  As  indicated  in  Photos  5  and  6,  spillway 
gates  1  and  3  experienced  a  reduced  capacity  due  to  the  poor  transitioning  of 
the  approach  walls.  Furthermore,  flow  splitting  around  the  outlet  works 
tower  caused  high  velocities  along  the  upstream  face  of  the  embankment  and 
incited  the  formation  of  a  vortex  at  the  entrance  of  the  outlet  works. 

15.  Numerous  approach  wall  designs  were  tested  in  the  model.  Ulti¬ 
mately,  the  approach  wall  design  shown  in  Plate  3  performed  most  satisfacto¬ 
rily.  Flow  conditions  with  this  design  are  shown  in  Photos  7  and  8.  Equal 
distribution  of  flow  across  the  spillway  was  obtained  with  the  installation 
of  the  elliptical  approach  walls.  These  walls  were  designed  so  that  they 
would  not  be  overtopped  during  the  design  flow.  Flow  velocities  along  the 
embankment  were  greatly  minimized,  and  installation  of  the  upper  wing  wall 
along  the  riverward  face  of  the  outlet  works  tower  essentially  eliminated  the 
occurrence  of  a  vortex  during  combined  spillway  and  outlet  works  operation. 
The  efficiency  of  the  flood-control  facility  for  the  outlet  works  was  also 
improved  by  replacing  the  original  design  approach  walls  (Photo  3)  with  cir¬ 
cular  quadrant  walls  (Plate  3,  Photo  13).  As  with  the  spillway,  the  perfor¬ 
mance  of  the  outer  gates  for  the  outlet  works  was  greatly  improved  with  the 
recommended  quadrant  walls.  The  recommended  approach  design  to  the  spillway 
and  outlet  works  is  shown  in  Plate  3. 

Exit  Design 


16.  The  exit  channel  was  molded  of  sand  so  that  the  natural  scouring 
tendencies  of  the  exiting  flow  could  be  recorded.  Prolonged  operation  at  the 


PMF  condition  indicated  that  the  original  channel  alignment  would  remain 
stable  and  perform  satisfactorily  in  transitioning  the  outflow  to  the  main 
channel . 
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17.  Due  to  the  angle  of  the  outflow  entering  the  main  channel,  a  slow 
clockwise  eddy  developed  along  the  downstream  face  of  the  embankment.  Though 
velocities  were  measured  to  be  less  than  2  fps,  tests  indicated  that  flow 
along  the  toe  of  the  embankment  could  be  essentially  eliminated  by  not  exca¬ 
vating  the  natural  berm  located  adjacent  to  the  proposed  outlet  works  still¬ 
ing  basin.  This  berm  is  shown  in  Photo  9,  and  when  compared  with  Photo  7, 
does  indicate  the  effectiveness  of  leaving  the  berm  in  situ.  No  model  sand 
scour  was  indicated  at  the  toe  of  the  embankment. 

18.  It  is  recommended  that  the  back-fill  areas  (el  1584.5)  adjacent  to 
outlet  works  stilling  basin  be  raised  to  el  1589,  or  enclosed  with  walls  at 
el  1589  so  that  these  areas  will  remain  dry.  Eddies  were  prevalent  in  these 
areas  when  overtopping  occurred  (Photo  7). 


Riprap  Requirements 


19.  Based  on  velocities  and  riprap  failure  tests  measured  in  the 


models,  a  recommended  design  of  upstream  protection  was  developed.  The  orig¬ 
inal  and  recommended  designs  of  protection  are  shown  in  Plates  2  and  3,  re¬ 
spectively.  The  recommended  design  provides  a  heavier  riprap  and  larger  area 
of  protection  than  that  provided  in  the  original  design. 

20.  Tests  of  the  original  design  of  downstream  protection  indicated 
the  tendency  for  deep  scour  and  resulting  failure  of  the  riprap  due  to  under¬ 
cutting.  Prolonged  operation  at  the  PMF  condition  indicated  scour  holes 
approximately  30  ft  deep  that  moved  progressively  upstream  with  time 
(Photos  10  and  11).  Though  qualitative,  the  model  does  indicate  the  areas 
with  high  scour  potential.  It  can  be  expected  that  the  depth  and  extent  of 
scour  in  the  prototype  will  be  much  more  severe  than  that  indicated  in  the 
model.  The  models  indicated  the  need  for  heavier  riprap  to  be  carried  far¬ 
ther  downstream  than  in  the  original  design.  The  original  and  recommended 
designs  of  protection  are  shown  in  Plates  4  and  5,  respectively. 

21.  The  recommended  thickness  and  gradations  of  riprap  that  were 
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tested  in  the  models  are  provided  below: 
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« 


21-in.  thickness 


28-in.  thickness 


45-in.  thickness 


54-in.  thickness 


-  98  lb 

-  42  lb 

-  12  lb 

=  330  lb 

-  98  lb 
=  42  lb 

=  780  lb 
=  330  lb 
=  98  lb 

*  2,640  lb 
=  780  lb 
=  540  lb 

-  330  lb 


Spillwav 


22.  Details  of  the  spillway  are  provided  in  Plate  6.  The  spillway 
consists  of  three  4 3-ft-wide  by  21-ft-high  tainter  gates  supported  by  two 
8-ft-wide  piers  totaling  a  gross  width  of  145  ft.  The  crest  is  at  el  1600 
and  has  the  design  capacity  of  60,300  cfs  for  the  design  head  of  25  ft.  The 
upstream  quadrant  of  the  crest  is  shaped  by  the  elliptical  equation 


2  2 
5.825^  3.425 


and  the  downstream  portion  is  shaped  by  the  parabolic  equation 


a 


y  =  0.031x 

The  spillway  is  designed  to  always  operate  in  the  free-flow  regime. 

23.  A  plot  of  the  head  on  the  spillway  crest  versus  discharge  for  both 
the  controlled  and  uncontrolled  flow  regimes  is  provided  as  Plate  7.  The 
calibration  data  were  collected  with  uniform  gate  operation  and  with  the  out¬ 
let  works  closed.  The  pool  elevation  was  measured  approximately  500  ft 
upstream  of  the  dam  center  line  where  the  velocity  head  was  negligible.  The 


equation  of  the  curve  for  uncontrolled  flow  was  determined  by  least  squares 
analysis  of  the  data  and  computed  to  be 


Q  =  3.3LH1-54 


where 

Q  *  total  spillway  discharge,  cfs 
L  =  net  length  of  crest,  ft 
H  =  total  head  on  the  crest,  ft 

The  measured  capacity  of  the  spillway  in  the  model  was  60,525  cfs  for  the 
design  head  of  25  ft.  The  measured  spillway  capacity  is  225  cfs  higher  than 
predicted  which  is  less  than  1/2  of  1  percent  of  the  computed  capacity. 

24.  Water-surface  profiles  were  measured  along  the  center  line  of  the 
spillway  for  discharges  of  17,000,  32,200,  46,700,  and  60,500  cfs.  The  pro¬ 
files,  shown  in  Plate  8,  indicate  that  the  tainter  gate  trunnions  will  remain 
above  the  water  surface  for  the  expected  range  of  discharge  conditions. 

25.  Operation  of  the  spillway  at  gate  openings  greater  than  approxi¬ 
mately  six-tenths  the  head  on  the  crest  resulted  in  surges  of  3  to  4  ft  on 
the  gates  that  persisted  until  the  gates  lost  control.  Modifications  to  the 
pier  length  and  crest  geometry  did  little  to  reduce  the  surging.  Surging 
appeared  to  be  a  function  of  the  rapid  control  shift  between  flow  regimes 
inherent  at  larger  gate  openings.  In  this  case,  the  flow  control  was 
shifting  between  the  controlled  and  uncontrolled  flow  regimes.  Even  though 
surging  is  undesirable  and  should  be  avoided,  the  phenomenon  should  not 
jeopardize  the  integrity  of  the  structure  unless  the  gate  or  trunnion  anchor¬ 
age  or  stilling  basin  performance  is  affected.  Surging  may  be  eliminated  by 
opening  the  gates  to  permit  uncontrolled  flow. 

Outlet  Works 


26.  An  extensive  hydraulic  analysis  of  the  flood-control  and  water 
quality  withdrawal  facilities  was  conducted  in  the  1: 25-scale  model  of  the 
outlet  works.  Views  of  the  outlet  works  tower  prior  to  and  after  installa¬ 
tion  in  the  model  are  provided  as  Photos  12  and  13,  respectively.  Design 
details  of  the  outlet  works  are  shown  in  Plate  9. 
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Flood-control  facility 

27.  The  efficiency  of  the  flood-control  facility  was  improved  by 
replacing  the  original  approach  walls  with  the  circular  quadrant  walls  shown 
in  Photo  13  and  Plate  3.  This  modification  was  discussed  previously  in  para¬ 
graph  15. 

28.  The  discharge  rating  curves  for  the  flood-control  facility  were 
developed  in  accordance  with  the  expected  aggraded  and  degraded  tailwater 
elevations  provided  by  the  sponsor  as  Plate  10.  The  discharge  curves  were 
determined  in  the  model  for  uniform  full  and  partial  gate  openings,  and  are 
provided  as  Plates  11  and  12  for  the  degraded  and  aggraded  tailwater  condi¬ 
tions,  respectively.  Flow  regimes  in  the  conduit  were  found  to  be  a  function 
of  the  gate  opening,  the  tailwater,  or  some  combination  of  the  two.  The  four 
flow  regimes  can  be  identified  as  free  or  submerged  gate  control,  and  as 
conduit  or  tailwater  control.  A  description  of  the  four  flow  regimes  is 
shown  in  Plate  13. 


29.  The  discharge  capacity  of  the  flood-control  facility  was  approxi¬ 
mately  25,800  cfs  for  the  PMF  head  of  62.5  ft  on  the  center  of  the  gate, 
assuming  smooth  pipe  and  accounting  for  friction  as  described  in  paragraph  9. 

Assuming  a  less  efficient  coefficient,  k  =  0.003  ,  will  reduce  the  capacity 

s 

to  approximately  24,800  cfs.  The  capacity  of  the  prototype  conduit  can  be 
expected  to  fall  within  this  range  of  discharges  (Plates  11  and  12, 
paragraph  9) . 

30.  Pressures  measured  along  the  roof  of  the  flood-control  facility 
and  the  length  of  conduit  were  sat isfactory  for  the  range  of  expected  con¬ 
trolled  flow  operating  conditions.  The  pressure  profile  obtained  in  the 
model  is  provided  in  Plate  14. 

Water  quality  withdrawal  facility 

31.  The  water  quality  withdrawal  facility  is  located  in  the  outlet 
works  intake  tower  as  detailed  in  Plate  15.  The  flow  progresses  sequentially 
through  the  trashrack  (detailed  in  Figure  2),  8-ft-square  aperture,  wet  well, 
throat  section,  and  then  under  the  service  gate  into  the  conduit  (Plate  15). 
The  facility  has  a  design  discharge  of  700  cfs. 

32.  The  water  quality  withdrawal  facility  was  found  to  operate  in 
three  flow  regimes  depending  on  the  gate  opening.  A  description  of  the 
regimes  is  provided  in  Plate  16.  The  service  gate  was  found  to  control  for 
gates  opening  up  to  1.75  ft.  At  larger  gate  openings,  the  flow  control 
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Figure  2.  Details  of  trashrack  configuration 


shifted  to  free  weir  flow  at  the  aperture.  Cavitation  will  likely  occur  in 
the  throat  area  with  gate  openings  greater  than  4  ft  when  the  throat  section 
becomes  primed  because  of  low  pressures  in  this  area.  Pressure  profiles  mea¬ 
sured  in  the  throat  are  provided  in  Plates  17  and  18.  The  data  shown  are 
average  pressures,  and  instantaneous  pressures  could  be  several  feet  more  in 
the  negative  than  those  shown. 

33.  A  plot  of  pool  elevation  versus  gate  opening  for  flow  through  a 
single  wet  well  is  shown  in  Plate  19.  The  data  were  taken  with  the  design 
discharge  of  700  cfs  and  with  the  aperture  at  the  minimum  elevation  of  1592. 
The  three  operating  regimes  (Plate  16)  are  identified.  The  plot  in  Plate  19 
indicates  that  usable  gate  control  is  limited  to  1.0  to  1.75  ft  since  smaller 
gate  openings  result  in  overtopping  of  the  closed  spillway  gates,  while 
larger  gate  openings  result  in  a  flow  control  shift  to  the  aperture. 

34.  As  referenced  in  paragraph  15,  the  installation  of  an  upper  wing 
wall  along  the  riverward  face  of  the  outlet  works  tower  eliminated  the  vortex 
that  occurred  during  combined  operations  of  the  spillway  and  outlet  works. 
However,  operation  of  only  the  outlet  works  with  the  maximum  discharge  and 
pool  elevation  of  1620  resulted  in  a  vortex  as  shown  in  Photo  14.  Tests 
indicated  that  the  vortex  could  be  eliminated  by  replacing  the  solid  working 
platform  (Plate  9,  Photo  12)  with  a  perforated  working  platform  allowing  flow 
to  be  drawn  uniformly  along  the  face  of  tower  and  thereby  dispersing  the 


vortex.  The  perforated  platform  used  in  the  model,  shown  in  Photo  13,  simu¬ 
lated  a  prototype  grid  spacing  of  1-in.  square.  The  favorable  results 
provided  by  this  modification  are  shown  in  Photo  15. 


Stilling  Basins 

35.  The  design  details  of  the  spillway  and  outlet  works  stilling 
basins  are  provided  as  Plates  6  and  9,  respectively,  and  a  view  of  the  stil¬ 
ling  basins  and  exit  area  is  provided  in  Photo  4.  The  energy  dissipation  of 
the  stilling  basins  was  satisfactory  based  on  flow  observations  and  velocity 
measurements.  Views  of  the  stilling  action  produced  when  operating  the 
spillway  and  outlet  works  with  the  maximum  PMF  discharge  are  provided  as 
Photos  16  and  17,  respectively.  Symmetrical  gate  operation  is  preferred  in 
order  to  minimize  both  adverse  eddy  formation  and  flow  concentrations  in  the 
stilling  basin. 


PART  IV:  DISCUSSION 


36.  The  original  design  approach  walls  to  the  spillway  and  outlet 
works  were  replaced  with  elliptical  and  circular  quadrant  walls  in  order  to 
improve  the  efficiency  of  the  outer  gates  for  the  spillway  and  outlet  works. 
An  upper  wing  wall  was  placed  along  the  riverward  face  of  the  outlet  works 
tower  in  order  to  eliminate  the  occurrence  of  a  vortex  during  combined  spill¬ 
way  and  outlet  works  operation.  The  tops  of  the  elliptical  approach  walls  to 
the  spillway  are  set  above  the  PMF  pool  at  el  1625.5  to  prevent  flow  from 
passing  between  the  embankment  and  outlet  works  tower. 

37.  The  original  exit  channel  alignment  was  found  to  remain  stable  and 
perform  satisfactorily  for  the  range  of  expected  operating  conditions.  An 
eddy  along  the  downstream  toe  of  the  embankment  was  essentially  eliminated  by 
leaving  in  situ,  rather  than  excavating,  the  natural  berm  located  adjacent  to 
the  spillway  and  outlet  works  (Photos  6  and  9).  The  stilling  basin  sidewalls 
for  the  spillway  and  outlet  works  were  raised  to  el  1589  so  that  the  adjacent 
backfill  areas  (el  1584.5)  would  remain  dry.  The  upstream  and  downstream 
riprap  protection  was  improved  by  increasing  the  weight  and  area  of 
protection. 

38.  The  uncontrolled  flow  equation  for  the  spillway  was  determined  to 

1  54 

be  Q  *  3.3LH  *  ,  and  the  discharge  capacity  was  found  to  be  60,525  cfs  for 

the  design  head  of  25  ft.  The  tainter  gate  trunnions  remained  above  the 
water  surface  for  the  range  of  expected  operating  conditions.  Surging  of 
about  3  to  5  ft  on  the  spillway  gates  was  evident  when  operating  at  gate 
openings  greater  than  six-tenths  the  head  on  the  crest.  No  solution  to  this 
problem  other  than  raising  the  gates  to  permit  uncontrolled  flow  was  obtained 
from  the  model  because  the  problem  only  occurred  at  the  extremely  high  gate 
openings.  The  few  modifications  tried  proved  unsuccessful  and  the  project 
was  terminated  by  the  sponsor  before  another  solution  was  developed. 

Extended  periods  of  operation  with  noticeable  surges  should  be  avoided. 

39.  The  discharge  capacity  of  the  flood-control  facility  for  the  out¬ 
let  works  was  determined  to  be  approximately  25,300  cfs  for  the  design  head 
on  the  center  of  the  gate  of  62.5  ft.  Four  flow  regimes  were  identified  for 
the  flood-control  facility  and  found  to  be  a  function  of  the  gate  opening 
and/or  tailwater.  Pressures  measured  along  the  roof  geometry  were  found  to 
be  satisfactory  for  the  range  of  expected  operating  conditions. 
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40.  The  water  quality  withdrawal  facility  was  found  to  have  three 
operating  regimes  depending  on  the  gate  opening.  With  flow  though  a  single 
wet  well,  the  range  of  usable  gate  control  was  found  to  be  limited  to  1.0  to 
1.75  ft.  The  greater  range  of  flow  control  was  provided  when  operating  with 
the  aperture  at  the  minimum  elevation  of  1592.  Pressures  low  enough  to  cause 
cavitation  were  measured  in  the  throat  section  of  the  wet  well  with  gate 
openings  greater  than  4  ft.  The  occurrence  of  a  vortex  during  operation  of 
only  the  outlet  works  was  eliminated  by  replacing  the  solid  working  platform 
with  a  perforated  working  platform. 

41.  The  stilling  basins  for  the  spillway  and  outlet  works  performed 
satisfactorily  for  the  range  of  expected  operating  conditions.  Symmetrica 
gate  operation  is  preferred  in  order  to  minimize  adverse  eddy  formation  and 
flow  concentrat ions  in  the  stilling  basins. 

42.  Although  several  improvements  were  made  to  the  original  design 
during  this  model  study,  further  improvements  were  not  accomplished  due  to 
the  termination  of  the  project. 


Photo  3.  Original  approach  design  with  recommend 

and  upper  vingvall  added,  1:25 


Original  approach  design  for  the  PMF  discharge,  1:30  scale 


Photo  7.  Recommended  approach  design  for  the  PMF  discharge,  1:80  scale 


Photo  8.  Recommended  approach  design  for  the  PMF  discharge,  1:25  scale 


Simulati°n 


.  Scour  downstream  of  spillway  st 
the  PMF  discharge  (1:80  scale)  aft 


Photo  12.  Model  of  outlet  works  Intake  tower  prior 
to  installation,  1:25  scale 


Photo  13.  Recommended  approach  design,  1:25  scale 


Photo  15.  Vortex  eliminated  by  installing  recommended  perforated  working  platform. 
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Outlet  works  stilling  basin  performance  for  the  PMF  discharge 
pillway  stilling  basin  performance  with  50  percent  of  the  PMF 
discharge,  1:25  scale 
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PLATE  8 
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CONDUIT  FLOW  REGIMES 
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